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Different-shaped  one-dimensional  (ID)  titanic  acid  nanomaterials  (TANs)  were  prepared  by  hydrother¬ 
mal  synthesis.  By  changing  the  reaction  temperature  (120,  170  and  200 °C),  three  kinds  of  ID  TAN, 
short-nanotubes  (SNT),  long-nanotubes  (LNT),  and  nanorods  (NR),  were  obtained.  The  obtained  TANs 
were  characterized  by  transmission  electron  microscopy  (TEM),  high-resolution  transmission  electron 
microscopy  (HRTEM),  powder  X-ray  diffraction  (XRD),  and  solid-stated  diffuse  reflectance  UV-vis  spectra 
(UV-vis  DRS)  techniques.  Based  on  these  ID  TAN,  Eosin  Y-sensitized  Pt-loaded  TAN  were  prepared  by  the 
in  situ  impregnation  and  photo-reduction  method.  Their  photocatalytic  activity  for  hydrogen  generation 
was  evaluated  in  triethanolamine  (TEOA)  aqueous  solution  under  visible  light  irradiation  (A.  >  420  nm). 
The  results  indicated  that  the  morphology  difference  led  to  a  significant  variation  of  photocatalytic  perfor¬ 
mance  for  hydrogen  generation,  with  the  activity  order  as  follows :  Eosin  Y-sensitized  Pt-loaded  LNT  >  Eosin 
Y-sensitized  Pt-loaded  NR  >  Eosin  Y-sensitized  Pt-loaded  SNT.  The  experimental  conditions  for  photocat¬ 
alytic  hydrogen  generation  such  as  Pt  loading  content,  the  mass  ratio  of  Eosin  Y  to  TAN,  and  so  on,  were 
optimized.  As  a  result,  the  highest  apparent  quantum  yields  of  hydrogen  generation  for  Eosin  Y-sensitized 
Pt-loaded  SNT,  LNT,  and  NR  were  6.65, 17.36,  and  15.04%,  respectively.  The  stability  of  these  photocatalysts 
and  the  reaction  mechanism  of  the  photocatalytic  hydrogen  generation  are  also  discussed  in  detail. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nanosized  materials  with  special  properties  have  already  led 
to  a  breakthrough  in  various  fields  of  science  and  technology. 
Nanosized  Ti02  is  widely  used  in  photocatalysis,  solar  cells  and 
nanophotonic  devices,  owing  to  its  high  efficiency,  good  chem¬ 
ical  stability,  non-toxicity  and  low  cost.  Since  the  discovery 
of  carbon  nanotubes  [1],  one-dimensional  (ID)  nanostructured 
materials  (nanotubes,  nanowires,  nanorods,  and  nanobelts)  have 
been  subject  to  intensive  study  due  to  their  peculiar  geome¬ 
tries,  novel  physicochemical  properties,  and  potential  applications 
in  numerous  areas  such  as  nanoscale  electronics  and  photon¬ 
ics.  Consequently,  Ti02 -based  ID  nanomaterials  have  already 
attracted  extensive  interest  in  the  fields  of  nano-organization, 
photo-electrochemical  cells,  photocatalysis,  and  so  on.  Many  meth¬ 
ods  have  been  used  to  fabricate  ID  Ti02-based  nanomaterials, 
including  sol-gel  [2],  templates  [3],  electrochemical  anodic  oxida¬ 
tion  [4]  and  hydrothermal  synthesis  [5-7].  Among  these  methods, 
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hydrothermal  synthesis  is  easy  to  manipulate  and  is  widely  used 
[8-10].  Kasuga  et  al.  was  the  first  to  prepare  Ti02  nano  tubes  by 
hydrothermal  synthesis  [5].  Following  this  Yang  et  al.  analyzed 
their  composition  and  structure  systematically,  and  verified  their 
chemical  composition  as  H2Ti204(0H)2  [6].  Zhang  et  al.  investi¬ 
gated  the  effect  of  annealing  temperature  on  their  physicochemical 
properties  and  applied  them  to  the  photocatalytic  oxidation  of 
propylene  [11].  Yu  et  al.  fabricated  a  series  of  Ti02  nanorods,  nan¬ 
otubes  [12],  nanowires  [13],  nanofibers  [14],  hollow  microspheres 
[15]  and  mesoporous  powders  [16]  by  hydrothermal  synthesis  [5] 
and  found  that  their  photocatalytic  activity  was  much  greater  than 
that  of  P25,  attributing  this  to  their  larger  specific  surface  areas  and 
higher  pore  volumes. 

Although  ID  Ti02 -based  nanomaterials  have  many  special  mer¬ 
its,  their  large  energy  band  gap  (~3  eV)  remains  the  biggest  obstacle 
to  expansion  of  their  usage  [17,18].  Dye  sensitization  is  an  effi¬ 
cient  way  to  expand  the  absorption  range  of  a  semiconductor,  and 
has  been  widely  used  in  solar  cell  [19]  and  visible-light-induced 
photocatalysis  [20-22].  Recently,  we  reported  that  dye-sensitized 
Ti-MCM-41  zeolite  and  multi-walled  carbon  nanotubes  (MWCNT) 
have  an  enhanced  photocatalytic  activity  for  hydrogen  generation 
[20,21  ].  We  also  prepared  dye-sensitized  nanotube  sodium  titanate 
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(NTS),  and  compared  its  photocatalytic  activity  with  dye-sensitized 
Ti02  [22]. 

In  this  work  we  prepared  three  ID  TAN,  with  different  struc¬ 
tures,  by  hydrothermal  synthesis,  and  investigated  the  effect  of 
morphology  on  the  photocatalytic  activity  of  hydrogen  generation 
on  Eosin  Y-sensitized  Pt-loaded  ID  TAN  under  visible  light  irra¬ 
diation.  The  experimental  conditions  for  photocatalytic  hydrogen 
production  were  optimized,  and  the  reaction  mechanism  was  also 
elucidated  in  detail. 

2.  Experimental 

2.1.  Preparation  of  ID  titanic  acid  nanomaterials 

ID  TANs  were  prepared  by  hydrothermal  synthesis  using  a 
method  similar  to  that  described  by  Kasuga  et  al.  [5]  and  Yang  et 
al.  [6].  Typically,  1  g  of  Ti02  (P25,  Degussa  AG,  Germany)  was  added 
to  60  mL  of  10  M  NaOH  solution,  and  dispersed  ultrasonically  for 
10  min,  then  transferred  into  a  Teflon-lined  autoclave  to  react  for 
24  h  at  different  temperatures  (120,  170,  200  °C).  Afterwards,  the 
precipitate  was  filtered  and  washed  with  distilled  water  to  pH  7,  and 
then  the  pH  value  adjusted  to  1  using  0.1  M  HC1  aqueous  solution. 
The  suspension  was  stirred  for  5  h,  and  then  washed  with  distilled 
water  until  no  Cl-  was  detectable.  The  washed  samples  were  dried 
in  an  oven  at  60  °C  for  24  h. 

2.2.  Preparation  of  Eosin  Y-sensitized  Pt-loaded  ID  TAN  and 
evaluation  of  their  photocatalytic  activities  for  hydrogen 
generation 

The  photocatalytic  reaction  was  carried  out  in  a  140-mL  Pyrex 
flask,  with  a  flat  window  (an  effective  irradiation  area  of  10  cm2). 
A  300-W  tungsten  halogen  lamp,  equipped  with  a  420  nm  cut¬ 
off  filter  (Toshiba,  SY44.2),  was  used  as  the  light  source.  Eosin 
Y-sensitized  Pt-loaded  ID  TAN  catalysts  were  prepared  using  the  in 
situ  impregnation  and  photo-reduction  method.  Typically,  20  mg 
of  ID  TAN,  with  the  calculated  amount  of  Eosin  Y  and  H2PtClg 
aqueous  solution,  were  suspended  in  TEOA-H20  mixture  (80  mL, 
15vol%)  by  magnetic  stirring.  Prior  to  irradiation,  the  suspension 
was  dispersed  ultrasonically  for  1  min,  and  then  Ar  gas  was  bub¬ 
bled  through  the  reaction  mixture  to  remove  oxygen  for  40  min.  The 
photocatalytic  activity  was  estimated  by  measuring  the  amount  of 
hydrogen  production  using  a  gas  chromatograph  (thermal  conduc¬ 
tivity  detector  (TCD),  molecular  sieve  5A  column,  Ar  as  gas  carrier). 
The  pH  value  of  the  reaction  solution  was  adjusted  by  addition 
of  hydrochloric  acid  or  sodium  hydroxide  using  a  Markson  6200 
model  pH  meter. 

2.3.  Adsorption  curves  of  Eosin  Y  on  different- shaped  ID  TAN 

The  experimental  conditions  for  adsorption  of  Eosin  Y  on 
different  ID  TANs  were  similar  to  those  of  the  photocatalytic 
reaction  system.  20  mg  of  SNT  (or  LNT  or  NR),  and  the  calcu¬ 
lated  amount  of  Eosin  Y  were  added  to  80  mL  of  TEOA  solution, 
dispersed  ultrasonically  for  10  min,  and  stirred  for  24  h  to  sat¬ 
urate.  The  adsorption  amount  of  Eosin  Y  was  calculated  from 
the  absorbance  difference  between  the  initial  sensitizer  solu¬ 
tion  and  the  filtered  solution  of  the  suspension  with  ID  TAN 
added. 

2.4.  Characterization 

TEM  and  HRTEM  images  were  taken  on  a  JEOL JEM-2010  electron 
microscope  operating  at  100  kV.  XRD  patterns  of  the  photocata¬ 
lysts  were  recorded  on  a  Rigakel  B/Max-RB  diffractometer  with  a 


nickel  filtered  Cu  Ka  radiation.  UV-vis  DRS  of  the  samples  were 
recorded  with  a  U-3010  UV-vis  spectrometer  equipped  with  an 
integrating  sphere  diffuse  reflectance  accessory,  using  BaS04  as  a 
reference. 

3.  Results  and  discussion 

3.1.  Characterization  of  the  three  ID  TANs  with  different  shapes 

Fig.  1  shows  the  TEM  images  of  three  samples  of  ID  TANs  pre¬ 
pared  at  different  hydrothermal  temperatures.  As  can  be  seen, 
when  the  reaction  temperature  is  controlled  at  120  °C,  a  large  quan¬ 
tity  of  short-nanotubes  are  formed  with  a  diameter  of  10-20  nm 
and  length  about  80-150  nm.  As  the  temperature  increases,  the 
nanotubes  become  longer  and  expand  to  several  micrometers,  but 
their  diameters  remain  approximately  unchanged.  This  indicates 
that  the  crystallization  improves  as  the  temperature  increases, 
which  was  also  verified  by  the  XRD  patterns  (Fig.  2).  Comparing 
curves  a  and  b  of  Fig.  2,  we  can  see  that  the  characteristic  peaks  of 
titanate  become  sharper  and  stronger  as  the  temperature  increases. 
However,  the  morphology  changes  to  thick  nanorods  when  the  tem¬ 
perature  increases  to  200  °C,  and  the  crystallization  is  much  better. 
The  lengths  of  the  nanorods  are  several  micrometers  and  some  of 
nanorods  are  tied  into  bundles. 

Fig.  2  shows  the  XRD  patterns  of  the  three  shapes  of  ID  TAN. 
Curves  a  and  b  are  similar,  but  different  to  curve  c,  indicating 
that  the  synthesis  temperature  may  induce  a  significant  change 
in  the  phase  structure  of  these  titanate  compounds.  The  diffrac¬ 
tion  peak  at  about  20  =  10°  is  assigned  to  the  (2  0  0)  crystal  face 
of  layered  titanate,  which  is  its  characteristic  peak.  Comparing  a 
and  b,  the  reflection  peak  at  20  =  10°  of  curve  c  shifts  to  a  higher 
angle,  and  the  intensity  becomes  greater  and  the  peak  sharper, 
indicating  that  the  interlayer  spacing  decreases  [23].  There  is  a 
broad  peak  at  about  20  =  24.5°,  which  can  be  assigned  to  hydro¬ 
gen  titanate  compounds  according  to  standard  XRD  data.  Moreover, 
there  exists  a  diffraction  peak  around  20  =  48.5°,  which  may  be 
ascribed  to  sodium  titanate  compounds  [23,24].  As  we  know, 
sodium  titanate  is  formed  first  after  hydrothermal  synthesis,  and 
the  sodium  ions  exchange  with  protons  when  they  are  washed  with 
HC1  solution.  Therefore,  sodium  ions  may  not  have  been  exchanged 
completely. 

Fig.  3  shows  the  UV-vis  DRS  of  the  three  forms  of  ID  TAN.  As 
can  be  seen,  SNT  and  LNT  have  higher  absorption  ability  compared 
with  NR,  but  all  of  them  have  the  similar  band  structures.  Accord¬ 
ing  to  the  onset  wavelength  of  the  three  semiconductors  (411, 413, 
405  nm),  their  band  energies  (Eg)  are  calculated  to  3.02,  3.00  and 
3.06  eV,  respectively.  These  results  indicate  that  all  the  semicon¬ 
ductors  can  only  be  excited  by  UV  light.  Utilizing  the  visible  light 
of  the  solar  spectrum  is  attracting  extensive  attention  of  many  sci¬ 
entists  all  over  the  world.  Hence,  if  we  want  to  expand  the  use  of 
these  semiconductors,  some  modifications  must  be  conducted.  Dye 
sensitization  is  an  efficient  and  easy  way  to  expand  the  absorption 
range  of  a  semiconductor,  and  has  been  successfully  used  in  our 
former  work  [20-22,25-27]. 

3.2.  Optimization  of  the  photocatalytic  reaction  conditions  for 
hydrogen  generation 

The  energy  bands  of  all  the  three  forms  of  ID  TAN  are  about 
3  eV,  indicating  that  they  can  only  be  excited  by  UV  light.  However, 
they  can  work  under  visible  light  after  being  sensitized  by  Eosin 
Y.  The  photocatalytic  activity  is  influenced  by  many  factors,  such 
as  the  pH  value,  dye  concentration,  noble  metal  loading  content, 
and  so  on.  The  effect  of  pH  value  on  Eosin  Y-sensitized  photocat- 
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Fig.  2.  XRD  patterns  of  the  three  forms  of  1 D  TAN. 
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Fig.  3.  UV-vis  DRS  of  the  three  forms  of  1 D  TAN. 
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fig.  4.  Effect  of  the  Pt  loading  content  on  the  hydrogen  generation  rate.  The  inset 
Fig.  1.  TEM  images  of  ID  TAN  (a)  short-nanotube,  (b)  long-nanotube,  and  (c)  is  a  comparison  of  the  hydrogen  generation  rate  at  0.5%  Pt  loading  content,  (a) 
nanorod.  Eosin  Y-sensitized  Pt-loaded  SNT,  (b)  Eosin  Y-sensitized  Pt-loaded  LNT,  (c)  Eosin  Y- 

sensitized  Pt-loaded  NR,  (d)  Eosin  Y-sensitized  Pt-loaded  Ti02,  (e)  Eosin  Y-sensitized 
Pt  nanoparticles.  Reaction  condition:  E/T  =  1 ;  pH  7;  Ar  atmosphere.  The  symbol  “  x  10” 
means  that  the  amount  of  hydrogen  is  magnified  10  times. 
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alytic  hydrogen  generation  system  has  been  investigated  in  our 
previous  work,  and  the  optimum  activity  was  obtained  at  pH  7 
[20-22].  Therefore,  the  photocatalytic  reaction  of  the  three  forms 
of  Eosin  Y-sensitized  ID  TAN  is  conducted  in  neutral  aqueous  solu¬ 
tions. 


3.2.1  Effect  of  the  Pt  loading  content  on  the  photocatalytic 
activity  for  hydrogen  generation 

Noble  metals,  such  as  Pt,  or  transition  metal  oxides  are  usually 
loaded  on  to  a  catalyst  as  a  co-catalyst  in  photocatalytic  water  split¬ 
ting.  Pt  is  always  widely  used  as  it  is  the  most  efficient  co-catalyst 


Fig.  5.  TEM  and  HRTEM  images  of  Pt-loaded  ID  TAN.  The  Pt  loading  content  is  0.5%.  (a)  Pt-loaded  SNT,  (b)  HRTEM  of  Pt-loaded  SNT,  (c)  Pt-loaded  LNT,  (d)  HRTEM  of  Pt-loaded 
LNT,  (e)  Pt-loaded  NR,  (f)  HRTEM  of  Pt-loaded  NR. 
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due  to  its  high  work  function  and  low  Fermi  energy.  In  addition, 
Pt  is  a  well-known  active  site  for  hydrogen  generation  [28,29].  The 
effect  of  Pt  loading  content  on  the  photocatalytic  activity  of  Eosin 
Y-sensitized  1 D  TAN  is  illustrated  in  Fig.  4.  As  can  be  seen,  the  hydro¬ 
gen  generation  rates  are  similar  when  the  Pt  loading  content  is  0.5% 
and  1%,  and  then  decrease  if  the  content  is  increased  further.  When 
the  Pt  loading  content  is  high  (>1%),  there  have  been  two  reasons 
proposed  to  interpret  the  decrease  of  photocatalytic  activity.  On 
the  one  hand,  excessive  Pt  loading  will  result  in  the  growth  and 
agglomeration  of  Pt  nanoparticles,  which  will  absorb  and  scatter 
some  incident  light  [30].  On  the  other  hand,  the  loaded  Pt  nanopar¬ 
ticles  not  only  act  as  separation  sites  for  photogenerated  carriers, 
but  also  act  as  recombination  sites.  The  separation  and  recombi¬ 
nation  processes  compete  with  each  other.  With  excessive  loading 
of  Pt  nanoparticles,  more  electrons  aggregate  on  their  surface  and 
the  recombination  probability  increases;  as  a  result,  the  photocat¬ 
alytic  activity  will  decrease.  However,  the  H2  generation  rate  is 
very  low  over  the  Pt-free  samples,  indicating  that  Pt  nanoparticles 
play  an  important  role  in  the  photocatalytic  reaction.  When  the  Pt 
loading  content  is  0.5%,  the  hydrogen  generation  rate  is  34.8,  88.1 
and  80.5  |jimolh-1  for  Eosin  Y-sensitized  SNT,  LNT  and  NR,  respec¬ 
tively.  The  inset  figure  illustrates  that  the  photocatalytic  activity 
of  the  Eosin  Y-sensitized  Pt-loaded  ID  TAN  is  much  higher  than 
that  of  Eosin  Y-sensitized  Pt-loaded  Ti02  and  Eosin  Y-sensitized 
Pt  nanoparticles.  The  reasons  for  this  have  been  discussed  in  our 
earlier  papers  [21,22]. 

Fig.  5  shows  the  TEM  and  HRTEM  images  of  Eosin  Y-sensitized 
Pt-loaded  SNT,  LNT  and  NR.  As  can  be  seen,  Pt  nanoparticles  are 
successfully  deposited  on  the  surface  of  ID  TAN;  their  diameter  is 
about  3-5  nm  and  the  size  is  relatively  uniform.  This  indicates  that 
the  in  situ  photo-reduction  method  is  a  good  and  efficient  way  to 
prepare  catalysts  loaded  with  small  nanoparticles  of  noble  metals. 
By  observing  the  HRTEM  pictures,  we  can  also  see  that  the  inter¬ 
layer  spacing  of  SNT  and  LNR  is  almost  same,  about  0.8  nm.  This  is 
consistent  with  the  data  reported  by  Yang  et  al.  [6].  However,  the 
interlayer  spacings  of  NR  are  only  0.35  and  0.20  nm.  This  result  has 
the  same  characteristic  as  the  XRD  result,  where  the  interlayer  spac¬ 
ing  decreases  when  temperature  is  increased  from  170  to  200  °C. 
Comparing  Figs.  1  and  5,  we  find  that  the  lengths  of  the  SNT  and  LNT 
become  shorter  after  reaction,  while  the  structure  of  NR  remains 
integrated  and  perfect. 

3.2.2.  Effect  of  the  concentration  of  Eosin  Y  on  the  photocatalytic 
activity  for  hydrogen  generation 

The  concentration  of  the  dye  has  a  large  effect  on  the  photocat¬ 
alytic  activity  in  dye-sensitized  reaction  systems,  a  feature  which  is 
related  to  the  reaction  mechanism.  In  our  work,  Eosin  Y  molecules 
are  adsorbed  on  to  the  surface  of  the  ID  TAN  and  Pt  nanoparti¬ 
cles.  Under  visible  light  irradiation,  dye  molecules  absorb  visible 
light  and  their  electrons  are  excited  from  the  HOMO  to  the  LUMO 
state.  The  excited  electrons  are  trapped  by  1 D  TAN,  and  then  trans¬ 
ferred  to  Pt  nanoparticles,  or  are  injected  into  Pt  nanoparticles 
directly,  and  then  participate  in  the  photocatalytic  water  reduc¬ 
tion  for  hydrogen  evolution.  The  concentration  of  Eosin  Y  plays  a 
key  role  in  the  number  of  excited  electrons  involved,  so  it  is  very 
important  to  investigate  the  effect  of  the  concentration  of  Eosin  Y 
on  the  photocatalytic  activity.  The  results  from  catalysts  with  0.5% 
Pt  loading  content  are  shown  in  Fig.  6.  The  mass  ratio  of  Eosin  Y  to 
ID  TAN  is  denoted  as  E/T.  As  can  be  seen,  the  activity  is  enhanced 
as  E/T  increases,  reaches  a  peak  when  E/T  =  5/4,  then  decreases.  This 
phenomenon  can  be  explained  by  the  absorption  curves  of  Eosin  Y 
on  TAN  (Fig.  7).  As  can  be  seen,  the  amount  of  Eosin  Y  adsorbed  on  all 
three  different-shaped  TAN  increases  as  E/T  increases,  and  reaches 
saturation  at  E/T  =  5/4  approximately.  The  highest  photocatalytic 
activity  obtained  at  E/T=  5/4  can  be  interpreted  by  the  follow- 
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Fig.  6.  Effect  of  the  mass  ratio  of  Eosin  Y  and  ID  TAN  (E/T)  on  the  photocatalytic 
activity  of  hydrogen  generation,  (a)  Eosin  Y-sensitized  Pt-loaded  SNT,  (b)  Eosin  Y- 
sensitized  Pt-loaded  LNT,  (c)  Eosin  Y-sensitized  Pt-loaded  NR.  Reaction  condition: 
0.5%  Pt  loading  content;  pH  7;  Ar  atmosphere. 

ing:  when  E/T  is  small,  the  amount  of  Eosin  Y  molecules  adsorbed 
increases  with  the  increase  of  E/T,  so  the  number  of  electrons  used 
for  reduction  of  water  to  hydrogen  generation  increases.  When  the 
adsorption  approaches  saturation,  it  is  disadvantageous  to  the  pho¬ 
tocatalytic  reaction  if  E/T  increases  further.  That  is  because  the  free 
dye  molecules  in  solution  cannot  participate  in  the  electron  trans¬ 
fer.  By  contrast,  they  absorb  a  part  of  incident  light  leading  to  a  loss 
of  a  fraction  of  light  for  water  reduction.  Thus,  the  photocatalytic 
activity  declines  correspondingly. 

3.3.  Effect  of  the  morphology  of  ID  TAN  on  the  photocatalytic 
performance 

From  Figs.  4  and  6,  we  can  see  that  the  photocatalytic  activity 
of  the  three  forms  of  Eosin  Y-sensitized  Pt-loaded  TAN  is  different 
under  the  same  experimental  conditions,  in  the  following  order: 
Eosin  Y-sensitized  Pt-loaded  LNT  (b)  >  Eosin  Y-sensitized  Pt-loaded 
NR  (c)  >  Eosin  Y-sensitized  Pt-loaded  SNT  (a).  This  phenomenon  can 
be  explained  as  follows. 


Fig.  7.  The  adsorption  curves  of  Eosin  Y  on  different  ID  TANs  in  TEOA  solution,  (a) 
Eosin  Y/SNT;  (b)  Eosin  Y/LNT;  (c)  Eosin  Y/NR. 
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The  first  factor  is  the  effect  of  the  degree  of  adsorption  of  dye 
molecules  on  the  photocatalytic  activity.  From  Fig.  7,  we  can  see  that 
the  adsorption  of  Eosin  Y  on  the  three  forms  of  ID  TAN  follows  the 
order  LNT>NR>SNT.  The  degree  of  adsorption  is  consistent  with 
that  of  photocatalytic  activity.  According  to  the  reaction  mechanism 
of  the  dye-sensitized  photocatalyst  system,  we  know  that  more  dye 
adsorption  will  result  in  higher  photocatalytic  activity. 

The  second  factor  is  the  effect  of  the  morphology  on  the 
photocatalytic  activity.  Catalysts  a  and  b  are  nanotubes  and  the 
interspaces  are  hollow,  so  there  must  have  been  some  dye  inside 
the  nanotubes  that  cannot  be  excited  under  irradiation.  Flowever, 
Eosin  Y  in  the  NR  system  can  be  excited  completely. 

The  last  factor  is  the  effect  of  the  defect  sites  on  the  photocat¬ 
alytic  activity.  As  can  be  seen  from  the  FIRTEM  images  of  the  three 
catalysts  (Fig.  5),  the  crystallization  of  Eosin  Y-sensitized  Pt-loaded 
SNT  and  LNT  is  weak  and  they  have  more  defect  sites,  while  the 
crystallization  of  Eosin  Y-sensitized  Pt-loaded  NR  is  perfect  and 
integrated.  It  is  well  known  that  defect  sites  are  the  combination 
centers  of  photogenerated  electron  and  hole  pairs.  If  one  catalyst 
has  more  defect  sites,  the  combination  probability  of  the  photo¬ 
generated  carriers  will  increase,  and  the  photocatalytic  activity  will 
be  reduced  [31,32]. 

Therefore,  based  on  the  three  factors  described  above,  Eosin 
Y-sensitized  Pt-loaded  LNT  exhibits  the  highest  activity  for  pho¬ 
tocatalytic  hydrogen  generation;  Eosin  Y-sensitized  Pt-loaded  NR 
is  next,  and  Eosin  Y-sensitized  Pt-loaded  SNT  is  the  last. 

3.4.  Stability  of  the  three  forms  of  Eosin  Y-sensitized  Pt-loaded  \D 
TAN  photocatalysts 

Stability  is  one  of  the  important  properties  of  a  catalyst.  Fig.  8 
shows  the  stability  of  photocatalytic  H2  production  on  Eosin  Y- 
sensitized  Pt  (0.5  wt%)-loaded  TAN  (E/T=  5/4)  in  TEOA  solution  at 
pH  7.  As  can  be  seen,  the  hydrogen  generation  rates  in  the  first 
run  are  1.80,  4.69,  4.06  mmol  h-1  g-1  for  Eosin  Y-sensitized  Pt- 
loaded  SNT  (a),  LNT  (b)  and  NR  (c),  respectively.  The  apparent 
quantum  yields  of  hydrogen  generation  can  be  calculated  according 
to  the  equation  in  reference  [20],  and  are  6.65%,  17.36%,  and  15.04%, 
respectively.  The  yield  of  Eosin  Y-sensitized  Pt-loaded  LNT  is  much 
higher  than  that  of  our  earlier  reported  value  of  14.97%  [22].  More¬ 
over,  we  can  also  see  that  the  rate  reaches  its  maximum  in  the  third 


Fig.  8.  Stability  of  the  three  kinds  of  Eosin  Y-sensitized  Pt-loaded  TAN  photocat¬ 
alysts.  (a)  Eosin  Y-sensitized  Pt-loaded  SNT,  (b)  Eosin  Y-sensitized  Pt-loaded  LNT, 
(c)  Eosin  Y-sensitized  Pt-loaded  NR.  Reaction  condition:  0.5%  Pt  loading  content, 
E/T  =  5/4,  pH  7,  Ar  atmosphere. 


run,  and  then  declines  gradually  in  consecutive  runs  for  catalysts 
a  and  b.  However,  the  rate  with  catalyst  c  only  declines  slightly  in 
all  six  runs.  For  all  three  photocatalysts,  the  modest  decrease  of 
hydrogen  generation  rate  is  probably  caused  by  the  consumption 
of  electron  donor  (TEOA)  and  the  partial  decomposition  of  Eosin  Y. 
Another  reason  for  the  decrease  of  the  generation  rate  with  cata¬ 
lysts  a  and  b  is  probably  due  to  the  collapse  of  the  structures  of  the 
SNT  and  LNT.  From  Fig.  1,  we  find  that  the  nanotubes  structures  of 
the  LNT  and  SNT  nanotubes  are  complete,  but  are  destroyed  after 
reacting  for  a  long  time,  and  more  defect  sites  form  after  reaction 
(in  Fig.  5).  However,  the  structure  of  NR  remains  undamaged  after 
reaction.  When  another  portion  of  Eosin  Y  and  TEOA  were  added 
to  the  system  after  reaction,  the  photocatalytic  activity  recovered 
for  Eosin  Y-sensitized  Pt-loaded  NR,  but  catalysts  a  and  b  did  not 
because  their  structures  had  been  partly  destroyed. 

4.  Conclusion 

Three  forms  of  ID  titanic  acid  nanomaterials  (SNT,  LNT,  and 
NR)  were  prepared  by  hydrothermal  synthesis  at  120,  170  and 
200 °C,  respectively.  HRTEM  images  showed  that  the  interlayer 
spacing  of  the  SNT  and  LNT  was  about  0.8  nm,  while  that  of  the 
NR  was  only  0.35  and  0.20  nm.  UV-vis  DRS  results  showed  that 
their  energy  gaps  (Eg)  were  about  3  eV,  indicating  that  they  could 
be  excited  only  by  UV  light.  Based  on  these  nanomaterials,  three 
kinds  of  Eosin  Y-sensitized  Pt-loaded  ID  TAN  were  prepared  by 
the  in  situ  impregnation  and  photo-reduction  method,  and  their 
photocatalytic  performance  was  investigated  under  visible  light 
irradiation  (A  >  420  nm).  The  morphologies  had  a  large  effect  on 
the  photocatalytic  activity  for  hydrogen  generation,  in  the  follow¬ 
ing  order:  Eosin  Y-sensitized  Pt-loaded  LNT  >  Eosin  Y-sensitized 
Pt-loaded  NR  >  Eosin  Y-sensitized  Pt-loaded  SNT. 

The  optimized  reaction  conditions  for  photocatalytic  hydrogen 
generation  were  investigated,  with  Pt  loading  content  at  0.5%  and 
the  mass  ratio  E/T=  5/4.  The  highest  apparent  quantum  yield  of 
hydrogen  generation  over  Eosin  Y-sensitized  Pt-loaded  SNT,  LNT 
and  NR  are  6.65%,  17.36%,  and  15.04%,  respectively.  Among  these, 
the  Eosin  Y-sensitized  Pt-loaded  LNT  exhibited  the  highest  photo¬ 
catalytic  activity,  due  to  its  greater  adsorption  of  dye  molecules, 
while  Eosin  Y-sensitized  Pt-loaded  NR  exhibited  the  greatest  sta¬ 
bility  because  of  its  perfect  and  integrated  crystallization  structure. 
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